Intermolecular interactions in molecular crystal of 5-bromo-9-hydroxyphenalenone are analyzed by means of Bader's theory of "Atoms in Molecules" (AIM). A set of criteria to ascertain the presence of a hydrogen bond is applied to two candidates of intermolecular contacts suggested by our previous work [Otaki, H.; Ando, K. Phys. Chem. Chem. Phys. 2011, 13, 10719-10728]. It is shown that they almost satisfy the criteria to confirm the existence of intermolecular C − H · · · O hydrogen bond. In addition to the hydrogen bonding, other types of interactions, such as H · · · H and H · · · Br, are found in one of the candidates. The discussions are extended to explain how the molecular dipole moment is induced by surrounding molecules. It is also found that the bias in the atomic charges due to the electrophilicity of the oxygen atom is strongly correlated with the induced dipole moment.
INTRODUCTION
Hydrogen bond has been a topic of considerable interest due to its relevance in chemistry, biology and physics. In the field of materials science, the hydrogen-bonded organic and inorganic compounds exhibit various interesting transition phenomena, including ferroelectric and antiferroelectric phase transitions. The hydrogen bonding is involved in these transitions in forms of proton transfer, isotope effect and enhancement of the spontaneous electric polarization. 1, 2 5-bromo-9-hydroxyphenalenone (C 13 H 7 O 2 Br; BHP) belongs to hydrogen-bonded dielectrics. Figure 1 shows the structure of BHP. This material has the intramolecular hydrogen bond (O − H · · · O), and shows two successive phase transitions when H1 atom is substituted by a deuterium. 3 From the structural analysis, it has been considered that BHP molecules in crystal are comparatively isolated from each other, i.e., the so-called zero-dimensional hydrogen-bonded system. In previous work, however, we have shown that there exists C − H · · · O type intermolecular weak hydrogen bonding which notably affects the transition temperature through the enhancement of the molecular polarization. 4 These hydrogen bonds were found in two relative configurations as shown in Figures 2 and 3 . As the evidence of the existence of the weak hydrogen bonding, we referred to the geometric feature (interatomic distances), the atomic charges obtained by the natural population analysis (NPA), 5 and the charge density in the C − H · · · O region calculated by using the density functional theory (DFT) with plane-wave basis sets.
In the present study, we extend the analysis by using Bader's theory of "Atoms in Molecules" (AIM) 6 in order to confirm and clarify the nature of the intermolecular hydrogen bonding. The AIM theory is based on the electron charge density ρ, and provides information about the nature of chemical bond and the bond strength. The usefulness of the AIM theory is well-documented: it has already been successfully applied to conventional hydrogen bonds, C − H · · · O bonds and H · · · H bonds (so-called dihydrogen bonds). [7] [8] [9] Koch and Popelier proposed a set of criteria to establish hydrogen bonding in C − H · · · O configurations. 7 In Table 1 , we summarize the Koch-Popelier's eight criteria. The criteria (1)- (4) are topological and local properties at bond critical point (BCP), which include the electron charge density at BCP (ρ b ) and the Laplacian of the electron charge density at BCP (∇ 2 ρ b ).
The criteria (5)-(8), on the other hand, are the integrated properties of hydrogen atoms involved in the hydrogen bonding.
We assess the C − H · · · O interactions in the two configurations in Figures 2 and 3 against the list of criteria. As a result, it is shown that one fulfills all the criteria, which confirms the intermolecular hydrogen bond in the region. The other fulfills most of them but not all, which indicates that there exists an extremely weak hydrogen bonding. In addition, we have found BCPs in Br · · · H and H · · · H regions. The geometrical feature and topological feature obtained by the AIM analysis imply that the strength of these types of interactions is intermediate between the two C − H · · · O bonds mentioned above. The quantitative discussion is given about the correlation between the bias in the electron charge caused by the C − H · · · O bonds and the change of the molecular dipole moment induced by their neighboring molecules.
COMPUTATIONAL DETAILS
For the molecular and crystal geometry, we adopted the experimental data obtained by neutron diffraction at 10 K, 10 in order to correspond with our previous work. 4 In the AIM analysis, we classified the neighboring molecules by their relative positions from one molecule. Because of the crystal symmetry, we can construct 13 types of trimers with the nearest neighboring molecules. As mentioned in Introduction, we focus on the two trimer configurations which have C − H · · · O contacts in the intermolecular region. We refer them as trimers I and II, which correspond to trimers I and F in our previous study, 4 respectively (See Figures 2 and 3 ).
Here, we define the position and direction of the molecules and atoms. First, all through the paper, we fix the central molecule of the trimers in the direction as can be seen in Figure 2 ). Likewise, when H1 of the right molecule is attached to the left (right) oxygen in the molecule, the enolic (carbonyl) oxygen interacts with H2 of the central molecule (H2 ′ in Figure 2 ). Therefore, by using the indices C 
RESULTS AND DISCUSSION

Assessment against the Koch-Popelier's criteria
In this section, we show the results obtained for the trimer CE, because there is no significant difference among the four trimers in each computational level: within 0.0004 au, 0.0006 au and 0.05Å for ρ b , ∇ 2 ρ b , and the position of BCP, respectively.
Topology
Figures 2 and 3 show the intermolecular arrangements of trimer I and II with BCPs marked
by the small green points. As expected, the BCPs were found in the intramolecular O − H · · · O and intermolecular C − H · · · O regions. Furthermore, we can see that there exist BCPs in the H · · · H and Br · · · H regions in trimer II. This indicates the accumulation of the electronic charge density in the intermolecular region, although the presence of BCP is not the sufficient condition for the existence of chemical bonding. Thus, the result of the AIM analysis implies the existence of four types of intermolecular bonds in trimer II: H3 · · · O, O · · · H4, H4 · · · H2, and H2 · · · Br. Figure 3 shows that the O, H4, H2, and Br atoms can interact in a bifurcated manner.
In the following, we first assess the C − H · · · O interactions against the other criteria.
We state the possible consequences for other interactions in trimer II in a later subsection.
Electron densities and Laplacian of the electron density at the bond critical point
The electron density at the BCP ρ b obtained at the HF/cc-pVDZ level is listed in Table 2 .
The values, 0.011 au for trimer I and 0.003 au for trimer II, obviously meet the criterion (2) and are consistent with our previous result of the intermolecular charge density for the corresponding trimers obtained by density functional theory with plane-wave basis set. 4 Since the electron density for trimer II is close to the lower limit of the criterion, we expect that this interaction is extremely weak. The indication for the weakness of the intermolecular interaction in trimer II is seen consistently in the following subsections.
The third criterion is about the Laplacian of the electron density, which designates the regions where the electronic charge is concentrated (∇ 2 ρ < 0), or locally depleted (∇ 2 ρ > 0).
It is well known that ∇ 2 ρ b is positive for hydrogen bonds, ionic bonds, and van der Waals interactions (so-called closed-shell interactions), while ∇ 2 ρ b is negative for covalent bonds (shared interactions). 6, 9 In Table 2 , the values of Laplacian of the electron density at BCP ∇ 2 ρ b are also shown. For trimer I, the values of ∇ 2 ρ b fall within the range of the criterion (3). On the other hand, the values of ∇ 2 ρ b for trimer II are positive, but smaller than the lower limit. Table S1 in the Supplementary Material (SM) shows the topological parameters at the BCPs in the C − H · · · O regions evaluated at the three computational levels. For all computational levels used in this study, we obtained practically the same values of each parameter, except for the ellipticity ϵ which is defined as ϵ = λ 1 /λ 2 − 1 (For ϵ and λ j , see Appendix).
From the definition, the value of ϵ is quite dependent on small relative changes in λ 1 and λ 2 .
We shall not comment on the differences further in this work.
It is reported that the electron density and its Laplacian at BCP are almost independent of both the method and basis set. [13] [14] [15] Although it is mentioned that split-valence double-ζ type basis sets give worse results than split-valence triple-ζ type in Ref. 15 , the differences between them are not so large as to affect the results discussed above.
Mutual penetration of hydrogen and acceptor atom
The mutual penetration is the quantity which describes how the hydrogen and acceptor atoms penetrate each other. In order to estimate the mutual penetration, the non-bonded radius and bonded radius for each atom need to be calculated. The non-bonded radius of an atom A, r 0 A , is defined as the distance from its nucleus to the electron density contour of 0.001 au in the monomer. This is measured in the direction to which intermolecular bonding is formed from the nucleus. The bonded radius r A is defined here to be the distance between the nucleus and the intermolecular BCP in the trimer. The penetration ∆r A is expressed as Table 3 shows the corresponding penetrations for the hydrogen and oxygen at the HF/cc-pVDZ level. As can be seen, all the penetration values calculated are positive, and the hydrogen atom is more penetrated than the oxygen atom. This feature has been reported for other C − H · · · O type complexes. 7 In Table S2 in the SM we show the penetrations obtained at the three computational levels. The effect of the addition of diffuse functions appears in the non-bonded radii, which causes larger values of the mutual penetration.
Integrated properties of hydrogen atom
In this subsection, we discuss the criteria (5)- (8) . In Table 4 , we show the differences of the integrated properties for hydrogen atoms obtained at the HF/cc-pVDZ level. The differences are defined as the subtraction of the value in the isolated monomer from that in the trimers. Table S3 shows the integrated properties at the three computational levels. Henceforth in this subsection, we discuss the results evaluated at the HF/cc-pVDZ level. Although the values are slightly different in each computational level, the discussion below applies in all the levels used.
The net charge on an atom q is given by the sum of the nuclear charge and the electronic charge of the atom. As is seen in Table 4 , ∆q is positive in all the hydrogen atoms in question. This result corresponds to a loss of electrons from the hydrogen atoms.
The sixth criterion is assessed with atomic energy destabilization ∆E, which is defined as the differences in atomic energy of the hydrogen between the trimers and the isolated monomer. The positive value means that the energy of hydrogen atom in the trimer is higher than that in the monomer. Note that the destabilization of the atom involved in closed-shell interaction often occurs but not necessarily: for example, it is reported that hydrogen atom is stabilized by forming an agostic bond (C − H · · · M; M = Metal). 16 It is thus worth assessing the change of the atomic energy as one of the criteria. The values of ∆E are shown in Table 4 . We can see that the hydrogen atoms are destabilized in the trimers, although one small exception is found in trimer II.
The seventh criterion is assessed with the first moment M, which is the atomic integration of a position vector times the electron density. Here, it is sufficient to consider its absolute value |M| in order to judge the criterion. From Table 4 it can be seen that the dipolar polarization is reduced in all the cases by constructing the trimers, which fulfills the criterion (7) .
A final criterion is about the volume of the hydrogen atom v. In the AIM theory, the atomic volume is defined as the volume bounded by interatomic surfaces of the atom and an isosurface of the electron density of some chosen value. Here we take a value of 0.001 au for the contour. This contour encloses over 98 % of the electronic charges of each hydrogen atom. As can be seen in Table 4 , all the hydrogen atoms in question do indeed shrink by 5.1-6.3 au and 0.7-2.4 au for trimer I and II, respectively.
Other intermolecular bonding
Here, we mention other types of interactions than C − H · · · O interaction found in trimer II.
The distances between the interacting atoms are shown in Table 5 . These are closer to the corresponding sums of the van der Waals radii 17 (2.40Å for H · · · H and 3.05Å for Br · · · H) than the H · · · O distances (2.72Å for H · · · O) in trimer II (See Table 2 ). Tables 5-7 (and S4-S6) show the results of the analysis for H · · · H and Br · · · H interactions. First, we assess the H · · · H interactions against the same criteria as those for C − H · · · O interactions shown in Table 1 according to Popelier. 8 Each value of ρ b , ∇ 2 ρ b and the mutual penetration is in the middle of each value for C − H · · · O interaction in trimer I and II; and the values of ∇ 2 ρ b are almost the same as the lower limit of the criterion (3). The integrated properties of the hydrogen atoms shown in Table 7 and S6 meet the criteria (5) It is reported that halogen atoms covalently bound to C atom are classified as weak hydrogen bond acceptors. 19 Judging from the value obtained by AIM analysis (See Tables 5,   6 , S4 and S5), the strength of Br · · · H interactions are almost the same as that of the dihydrogen interactions.
Correlation between the induced molecular dipole moment and the bias in the atomic charge
In this section, we explain how the molecular dipole moment of BHP is induced by the neighboring molecules by using the atomic charges q. We define the change of the atomic charge for an atom A as
where q tri (A) and q mon (A) denote the atomic charge for an atom A in the central molecule of the trimer and that in the isolated monomer, respectively. The results at the HF/cc-pVDZ level are shown in Table 8 . In this table, the values of ∆q for atoms in the left and right sides from an axis through Cc1-Cc3 atoms (See Figure 1 ) are shown in each column separately. Figure 4 shows the schematic plots of the results with the molecular structures. As can be seen, the charges of atoms which participate in the intermolecular bonding are mainly affected. In trimer I, ∆q(H2) takes two values(∼ 0.05 au or ∼ 0.07 au), which depends on the oxygen atom interacting with the corresponding H2 atom. In the case of H2 · · · O car (H2 · · · O en ), ∆q(H2) amounts to ∼ 0.07 au (∼ 0.05 au). Therefore we can attribute the difference in ∆q(H2) to the difference between the electrophilicity of carbonyl oxygen and enolic oxygen. The same trend can be seen in trimer II, although the values of ∆q(H3) and ∆q(H4) are quite small reflecting the weakness of the interaction.
In order to analyze the correlation between ∆q and the transverse dipole moment, we define the bias in the net charge in transverse direction ∆ L−R as
where the first and second terms are the sums of ∆q's for atoms in the left and right sides from the central axis, respectively (except for H1 atom). The results are also shown in Note that ∆ L−R most closely correlate with the difference between ∆q of the left and right hydrogen atoms, which suggests that the bias is mainly due to the atomic charges of hydrogen induced by the oxygen atoms. It is also notable that the magnitude of ∆ L−R in trimer II is close to that in trimer I. This indicates that the total contribution of the bifurcated C − H · · · O interaction is comparable to C − H · · · O interaction in trimer I, although each of C − H · · · O interaction in trimer II is quite weaker than that in trimer I. In Tables S7   and S8 , we show the results at the level of HF/6-31++G(d,p) and B3LYP/6-31++G(d,p), respectively. Obviously the discussion presented above also applies in the results at these two levels.
Our present result is consistent with that of our previous study: the molecules in the positional relation of trimer II strongly affect the molecular dipole moment of BHP molecule to the same degree as that of trimer I. 4 Figure 5 plots the relative change of the transverse dipole moment for central molecule in trimers I and II from that for isolated monomer ∆p ⊥ against the bias ∆ L−R both at the HF/cc-pVDZ level. The relative change ∆p ⊥ is evaluated in the same manner as the previous work, 4 i.e.,
where p mon ⊥ is the transverse dipole moment of an isolated monomer and p tri ⊥ is that of the central molecule in a trimer. The dipole moment p tri ⊥ can be evaluated by using fragment molecular orbital (FMO) method 20 . We have calculated p tri ⊥ with the FMO method at the HF/cc-pVDZ level for all the four cases (CC, CE, EC, and EE) in each of trimer I and II. Here we show the result obtained at the HF/cc-pVDZ level only, because we have encountered the convergence problems in evaluating p tri ⊥ with the FMO method at the other computational levels. 21 In Figure 5 , we can see that there is a linear correlation between ∆p ⊥ and ∆ L−R (correlation coefficient 0.99). This strongly suggests that the bias in the atomic charge cause the enhancement of the molecular dipole moment in crystal, which contributes decisively to the transition temperature. 4 As mentioned above, the result of the AIM analysis suggests that H · · · H and Br · · · H interactions are not negligible, but they do not seem to contribute to the enhancement of the molecular polarization in the transverse direction.
CONCLUSIONS
In summary, we have investigated the intermolecular interactions of BHP by means of Bader's theory of Atoms in Molecules. In the AIM analysis, Koch-Popelier's criteria are applied in order to confirm the intermolecular C − H · · · O hydrogen bonding. Although a few exceptions have been found, the two candidates for the C − H · · · O bonding satisfy most of the criteria, which indicates the existence of the intermolecular hydrogen bonding: one is a normal type, and the other is a bifurcated one. In addition, other types of interactions, H · · · H and Br · · · H, have been found. The geometrical and topological parameters indicate that the strength of these interactions is intermediate between the two C − H · · · O bonding.
The bias in the atomic charge is also evaluated. Our results show that the bias is mainly caused by the difference of electrophilicity between carbonyl and enolic oxygen involved in the C − H · · · O bonding. It is also found that the bias is strongly correlated with the induced dipole moment which determines the transition temperature of dielectric phase transition.
Each of the C − H · · · O interactions in the bifurcated bonding is quite weak, but the total contribution to the dipole induction is comparable with the typical C − H · · · O bond.
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APPENDIX
In this appendix, we briefly summarize the BCP properties referred in the present work.
The BCP is one of the critical points (CPs), which are defined as the points where ∇ρ vanishes. The CPs are classified by the curvatures at their own positions. Mathematically, they correspond to the three eigenvalues λ j (j = 1, 2, 3; λ 1 < λ 2 < λ 3 ) of the Hessian of ρ. The BCP is characterized by one positive and two negative curvatures of ρ, i.e., λ 1 < λ 2 < 0 < λ 3 . In Tables 2 and 5 (See also Tables S1 and S4), we can confirm numerically that all the intermolecular CPs in the BHP trimer configurations are BCPs.
Two quantities used in the AIM analysis are expressed by using λ j : one is the Laplacian of the electron density ∇ 2 ρ b = ∑ 3 j=1 λ j and the other is the ellipticity ϵ = λ 1 /λ 2 − 1. The Laplacian ∇ 2 ρ b is involved in the Koch-Popelier's criteria (See Table 1 ) and has already been discussed. The ellipticity provides a measurement of the anisotropy of the electron density and reflects structural instability. 22 The result of ϵ shown in Tables 2 and 5 (See also Tables S1 and S4) implies that the C − H3 · · · O bond is much more stable than the C − H4 · · · O bond in trimer II, and the stability of the H · · · H and Br · · · H bonds in trimer II is roughly the same order as that of C − H4 · · · O bond in trimer II. The values of ϵ for C − H3 · · · O bonds in trimer II are the same order as those for C − H2 · · · O bonds in trimer I. However, judging from the other quantities discussed above, it is difficult to conclude that these bonds have similar stability. Table 4 : Differences in the integrated properties of the hydrogen atoms between the trimers and the isolated monomer obtained at the HF/cc-pVDZ level (in au)
H4 · · · H2 2.46 0.006 0.024 −0.005 −0.003 0.031 0.865 H4 ′ · · · H2 ′ 2.46 0.006 0.024 −0.005 −0.003 0.031 0.903
Br · · · H2 3.18 0.005 0.018 −0.004 −0.002 0.024 0.567
Br · · · H2 ′ 3.18 0.005 0.018 −0.004 −0.002 0.024 0.535 
